The glycogen content of peptone grown cultures of the ciliate Tetrahymena pyriformis GL, increased from 6 % cellular protein during the exponential growth phase to 30 yo or more in the stationary phase of growth.
INTRODUCTION
Non-growing cultures of micro-organisms have frequently been shown to accumulate reserves of lipids or polysaccharides (Wilkinson, 1959 (Wilkinson, , 1963 . Most commonly found are poly-P-hydroxybutyrate and glycogen or glycogen-like polymers. Accumulation of such polymers usually occurs when growth is limited by factors other than by a carbon source. Thus, with Escherichia coli, polysaccharide accumulation was greatest after the onset of the stationary phase of growth, or when the rate of synthesis of nitrogen containing compounds was slow (Dagley & Dawes, 1949; Holme & Palmstierna, 1955 . Similarly, in Klebsklla aerogelzes the cellular polysaccharide content was higher when growth was limited by a deficiency in nitrogen, phosphorus, or sulphur, rather than a carbon source (Duguid & Wilkinson, 1953) .
Manners & Ryley (1952) reported a glycogen content of as much as 23% of the dry weight in stationary phase peptone-grown cultures of the ciliate protozoan Tetrahymena pyriformis. The purified product resembled mammalian glycogen in various chemical and physical properties. Further studies by Ryley (1952) showed that this polysaccharide could serve as an energy reserve material for the organisms when anaerobically incubated.
Stationary phase cultures of Tetrahymena when aerated adequately can perform glyconeogenesis at high rates (Hogg & Wagner, 1956; Warnock & van Eys, 1962) . Thus, Hogg & Wagner (1956) found that washed stationary phase organisms of Tetrahymena pyriformis strain E, doubled their glycogen content at the expense of other endogenous reserves. The observed decrease in the lipid and protein content of the organisms was sufficient to account for the glycogen accumulation. Addition of butyrate, acetoacetate, or acetate to the suspension greatly stimulated the rate of glyconeogenesis. Later, Hogg & Kornberg (1968) invoked the glyoxylate cycle to account for the observed glyconeogenesis.
The present paper describes the glycogen content of Tetrahyrnena pyriformis GL and the oxygen content of the medium during a normal growth cycle, with emphasis on the glyconeogenic capacity during experimentally induced stationary phase. A preliminary report has been presented (Levy, Scherbaum & Hogg, 1964) .
METHODS
Organism and growth conditiow. Tetrahymena pgriformis strain GL, was grown in a peptone medium of the following composition: 2 yo (w/v) proteose peptone (Difco), 0-1 yo (w/v) liver fraction 2 N.F. (Wilson Laboratories, Chicago, Illinois). Sulphates and chlorides were added as in the basal medium A of Kidder & Dewey (1951) . In more recent experiments, the only inorganic salt added was 0.1 */* (w/v) K,HPO,.
Stock cultures were maintained at 17" in 10ml. medium in cotton-stoppered upright test tubes (18 x 150 mm.). For inoculation of experimental cultures, 1 ml. portions of the tube cultures, 3-4 days old, were transferred to 50 ml. medium in 250 ml. Erlenmeyer flasks. After incubation for 24-48 hr, samples (3-10 ml.) were used for inoculating each litre of the experimental cultures. To achieve maximum aeration, these cultures were grown in 1 to 1.5 1. batches in a stainless steel tank with surface dimensions of 42 x 80 cm. (Scherbaum, James & Jahn, 1959) . The tank was gently tilted about its minor axis (18 strokes/min.) to ensure proper aeration of the 3.0-4-5 mm. layer of culture medium. Sterile water-saturated air replenished the air phase of the culture vessel at a rate of 3 l./min. Organisms were incubated at 28" or at room temperature (24°-280), In some cases, cultures of 300-1500 ml. were grown in 2.5 1. low-form culture flasks shaken by rotatory movements at 60 to 80 oscillations /min.
Harvesting of organisms. Cultures were centrifuged in 40 ml. conical tubes at 250-300 g for 1-5 min., the supernatant fluid removed by suction and the organisms washed at least twice by resuspension in 40 ml. Ringer phosphate buffer (Ryley, 1952) . Large samples of suspensions were centrifuged in 600 ml, centrifuge flasks for 5 min. at 250 g in an International Centrifuge, model PR2. The flasks were specially designed to facilitate collection of the organisms in a bulb-like extension in the centre of the funnel-shaped bottom. Organisms were then washed as described above. When the glycogen content was to be determined in culture samples, measured volumes of culture were poured directly into cold ethanol to a final concentration of 35 % (v/v) ethanol. The organisms were collected by centrifugation at 150 g for 5 min., and the supernatant fluid removed by suction and discarded.
Analytical methods. A few milligrams of sodium sulphate were added to each sample to aid in precipitation. Glycogen was estimated by an anthrone method (Morris, 1948) with some modifications. Samples were frozen in a solid CO, +ethanol bath, and two volumes of anthrone reagent (2 mg. anthronelml. concentrated sulphuric acid) were added to the frozen samples. These were then allowed to melt in a boiling water bath. Protein was determined by the Lowry method, as modified by Chou & Goldstein (1960), on material insoluble after digestion in 3 yo (w/v) perchloric acid for 15 min.
at goo.
Radioactive samples were counted at infinite thinness on stainless steel or nickelplated planchet in a thin window gas flow counter (Nuclear Chicago). Counting rates have been corrected for background. 14C labelled acetate was obtained from the California Corporation for Biochemical Research.
Direct counts of organisms were made, in formalin-fixed samples, in a SedgewickRafter counting chamber with the aid of a calibrated ocular Whipple disc in a light microscope at a magnification of x 100 (Scherbaum, 1957) .
RESULTS

Glycogen content in log phase and stationary phase organisms
Cultures (1.5 1.) were grown in the stainless steel vessel either shaken and aerated, or not shaken but aerated. All other conditions (composition of medium, age and size of inoculum, etc.) were identical. The generation time of about 3 hr was the same for both cultures during exponential multiplication, but the final population densities in the stationary phase differed significantly. In the shaken culture, it was more than lo6 organisms/ml.; in the non-shaken culture, it was only between 1 and 2 x 105 organisms/ml. Cultures of the latter type were used for further experiments. Either shaking such cultures or transfer to an inorganic buffer permitted further growth for at least one generation. It appears that in this type of stationary phase, nutrients were not limiting and were still available for conversion into storage products.
The glycogen content of organisms in the exponential growth phase was between 3 and 12% of cellular protein (40 samples; average 6%) and 25 and 40y0 (17 samples; average 30 yo) in stationary phase organisms. Calculated per lo6 organisms, those values were 0.05-0.150 mg. in log phase and 0.8-2.0 mg. in stationary phase.
Culture growth and oxygen content of the medium Two 1.5 1. cultures were grown in 2.5 1. low-form culture flasks. One flask was shaken vigorously and aerated, while the second was shaken very gently so that no trapping of air could occur at the surface. The second culture was not initially aerated, although air could pass into the vessel by diffusion through a cotton-wool plug. From these cultures, samples were removed at frequent intervals for total counts and determination of dissolved oxygen in the medium. The oxygen content before inoculation was 4.8pl./ml. culture.
In the well-aerated culture (Fig. 1 A) the oxygen content had decreased to 3pl./mI.
medium at a population density of about 80,000 organismslml. and became undetectable at about 350,000 organisms/ml. The final population density was over 700,000 organisms/ml. In the non-aerated culture, however, the oxygen content was 3pl./ml. already at a population density of 7,500 organisms/ml. and became undetectable at 80,000 organisms/ml. (Fig. 1 B) . The maximum population density remained constant a t 90,000 organisms/ml. for 20 hr. At this time, flushing of the air phase was started (indicated by the arrow in Figure lB) , but the shaking rate was not altered. After a lag period of 10 hr, multiplication was resumed and continued slowly until the population density had approximately doubled. In another non-aerated control culture, the population density in the stationary phase remained constant at 110,000 organisms/ml. for several days. The respiratory capacity of the cultures was compared with the availability of oxygen in the non-aerated culture. At a population density of 7,500 organisms/ml. (Fig. 1B) the oxygen content in the medium began to decrease rapidly. Since at this time the culture volume was 1,400 ml., the total number of organisms was about 10 x lo6. With a respiratory rate of 5 , d . oxygen/106 organisms/min., the respiratory capacity of the culture is about 50p1. 02/106 organisms/min. for log phase organisms. Ormsbee (1942) and Hamburger & Zeuthen (1959) have reported values of 7-2 and 4-8,ul. 0,/106 organisms/min. respectively for log phase organisms. Experimentally determined rates of diffusion of oxygen from air into still or slowly moving water are 0.03 to 0-08 g./m2/hr (=0*04 to O-09pl./cm.2/min.) at 25" and zero oxygen tension (Odum, 1956) . The maximum amount of oxygen that could enter the culture (with a surface area of 450 would be 20-4O,ul./min. Thus already a t a population density of 7500 organisms/ml., the respiratory capacity of the culture exceeds the maximum possible rate of diffusion of oxygen. The oxygen content of the
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medium was indeed decreasing at .this culture density. During stationary phase at a population density of 90,000 organisms/ml., these organisms could respire at only about 5 yo of their potential, if the rate of diffusion is compared with the respiratory capacity (650pl. OJmin.) of the culture. In contrast, the oxygen content in the aerated culture a t a population density of 90,000 organisms/ml. had just begun to decrease (Fig. IA) .
Cellular glycogen content and oxygen content of the medium throughout a growth cycle Fourteen cultures were started simultaneously as described in the legend to Fig. 2 . Each of the cultures was used for total count, determination of dissolved oxygen Fourteen 500 mI. Erlenmeyer flasks, each containing 160 ml. medium, were inoculated (starting population, BOO organisms/ml.) and maintained a t room temperature with very gentle shaking. At the times indicated, the dissolved oxygen in the medium, cellular glycogen, and population density (total count) were determined. Fig. 3 . Induction of stationary phase. Stationary phase was induced by transferring four 2 9 d . samples of a well-shaken culture, growing exponentially in thin layer (in stainless steel tank), into four 125 ml. Erlenmeyer flasks, which were then maintained without further shaking. At 0, 1, 2, and 3 hr after transfer, samples were removed for counts (full circles). Shaking was continued in the remainder of the culture. The a m w denotes the time of transfer. and glycogen content at the times indicated, ranging from 12 hr (6600 organisms/ ml.) to 58 hr (210,000 organisms/ml.) after inoculation. At about 30 hr after inoculation, when less than 0.5pl. O,/ml. was found in the medium, multiplication ceased and the glycogen content began to increase in those organisms. The stationary phase organisms contained 22 times as much glycogen as the log phase organisms.
Induction of stationary phase
To study possible differences in metabolism between growing and non-growing organisms, a technique was developed for the rapid and reproducible induction of stationary phase, This was accomplished by transfer of well-shaken cultures, growing exponentially in shallow layers in the stainless steel tank, into smaller vessels, followed by maintenance without shaking. The results of such an experiment are shown in Fig. 3 . At the time indicated by the arrow, four samples of culture were transferred at a population density of 140,000 organisms/ml. Using this figure and the new surface/volume ratio, it was calculated that respiration was limited to between 5 and 10 yo of the normal rate. During a 3-hr period following transfer (approximately one generation time in exponential growth phase) there was little increase in total numbers (0-20 yo), while increase in protein ranged from 10 to 40 yo and glycogen, 50-300 yo ( 5 experiments). Exponential multiplication in the tank was still observed at a population density of 370,000 organisms/ml. (Fig. 3) .
Glyconeogenic capacity before and after induction of stationary phase After transfer to conditions of restricted aeration, samples of culture were taken at the times indicated in Table 1 , tracer amounts of sodium acetate-2-l4C were added and shaken for 15 min. Glycogen was isolated and the radioactivity determined. The results are shown in Table 1 . In the untreated control cultures, the rate of Table 1 incorporation of the label was 2.2 times in the 3-hr sample as compared to the zero hour sample. In the stationary culture, however, the comparable increase was 7-7 times. In other experiments, values up to 20 times were obtained. Similar results were observed when organisms were washed and resuspended in inorganic buffer before incubation with labelled acetate. However, when incorporation of glucose-14C was tested under the same conditions, the rates at zero and 3 hr after transfer were almost identical.
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The results show that limited aeration inhibited growth and division but increased the ability of the organisms to incorporate carbon from acetate into glycogen. Therefore, stationary and log phase cultures were used for the following further comparisons: (1) rates of glyconeogenesis were recorded in cultures as well as in washed suspensions with and without added acetate; (2) the incorporation of acetate-2-14C was studied at tracer concentrations only, and together with acetate at substrate concentrations. Results of these experiments are shown in Fig. 4 . All stationary phase cultures tested showed an increased rate of glyconeogenesis in culture (Fig, 4A) were 0-08 and 0.26,umole glucose/mg. protein/hr in log and Incubation time (hr) Fig. 4 . Rate of glyconeogenesis before and after induction of stationary phase. Stationaqy phase was induced by transferring 110 ml. portions of an exponentially growing culture into 500 ml. conical flasks, which were maintained for 3 hr without shaking. Population density at the time of transfer was 116,000 organisms/ml. At zero and 3 hr after transfer, glyconeogenic capacity was tested by shaking portions of culture or of washed suspensions. This is referred to as incubation time on the abscissae. A. Glyconeogenesis in culture. Twenty ml. portions of culture were transferred to 250 ml. (Fig. 4B) showed the same difference. The rate of glycogen synthesis in log phase organisms was 0.11 pmole glucose/mg. protein/hr and in the stationary phase organisms it was 0-16pmole glucose/mg. protein/hr. In the presence of 0.1 yo (w/v) sodium acetate, however, a marked stimulation was observed in stationary phase organisms, 0.27, but not so in log phase organisms (0~14pmo~e glucose/mg. protein/hr). This increased rate of glyconeogenesis in stationary phase organisms is further substantiated by the rate of incorporation of labelled acetate into glycogen (Fig. 4C) . After 2 hr of incubation, more than twice the label was found in stationary phase organisms than in log phase organisms. This is the case whether organisms were incubated with trace amounts of sodium acetate (upper two curves, Fig. 4C) , or with 0.1 Yo (lower two curves, Fig. 4C ).
DISCUSSION
The results presented in this paper are in agreement with other reports which show that washed stationary phase suspensions of Tetrahymena pyriformis may have an appreciable endogenous rate of glyconeogenesis (Hogg & Wagner, 1956; Warnock & van Eys, 1962) . The chemical nature of the precursors for glyconeogenesis cannot be given with certainty. Hogg & Wagner (1956) reported a decrease in intracellular protein and lipid with a concomitant increase in glycogen ; a respiratory quotient of 0.55 and the ability of fatty acids to stimulate glyconeogenesis suggested that lipids are the main precursors. Warnock & van Eys (1962) showed a considerable increase in glycogen content in washed cells with a significant loss in protein. In cultures grown in proteose peptone, the ultimate precursors for glycogen must be amino acids. It is not known, however, whether these are converted to carbohydrates directly or via fatty acids.
Although the factors which lead to the onset of stationary phase have not been unequivocally determined, a deficiency in the amount of oxygen available to the organisms was clearly related to the onset of stationary phase. In cultures grown with little or no agitation, oxygen became depleted from the medium a t low population densities, and this was followed quite soon by cessation of division. I n wellshaken cultures, however, oxygen disappeared at much higher population densities and division again ceased, following a somewhat longer transition period, Once detectable oxygen had disappeared from the medium, respiration of the culture remained constant at a rate determined by the rate of diffusion of oxygen into the culture. Consequently, the respiration rate per organism must decrease until culture growth ceases. In some of the stationary phase cultures mentioned here, the respiratory rate was only about 5 yo of the organisms' capacity. That Tetrahymena will use all available free oxygen in the medium has already been reported by Baker & Baumberger (1941) .
The close correlation between decreased oxygen tension in the medium and the onset of stationary phase does not exclude possible roles other gases might have in the onset of stationary phase and/or the induction of glyconeogenic capacity. The condition used here to limit the exchange of oxygen into the medium would also limit the diffusion of carbon dioxide and ammonia from the culture. Preliminary Parts of this paper were submitted by M. R. L. to the graduate school of the University of California, Los Angeles, in partial fulfilment of the degree of Doctor of Philosophy.
